Although mitogen-activating protein (MAP) kinases are crucial signal transduction molecules regulating cellular proliferation, differentiation, and morphology, their ontogenic changes in the small intestine have not been analyzed. Also, it remains unknown which pathway of activated MAP kinases regulates the expression of brush border membrane hydrolases during growth. Therefore, we have analyzed the mucosal distribution, ontogeny, and responses to insulin and to inhibitors of p44, p42, and p38 MAP kinases in immature and mature enterocytes using Western blot analysis and autoradiography after immunoprecipitation, immunohistochemistry, and in vitro phosphorylation assays. Between d 10 and 40 postpartum, diphosphorylated active p44/p42 extracellular regulated protein kinases (ERKs) increased in abundance compared with total immunoprecipitated ERKs, and were highly responsive to exogenous insulin. In concordance, ERK total activity increased by 4-fold during the same period of growth and was further enhanced 2-fold by exogenous insulin. In weaning rats, ERKs were mainly located in membranes of villus cells and with less intensity in crypt cells. By contrast, p38 MAP kinase was unresponsive to insulin and was confined to nuclei. Administration to sucklings of PD 098059, a specific inhibitor of ERKs, not only inhibited the premature stimulation of sucrase, lactase, and maltase total activities in response to exogenous insulin, but also depressed the natural expression of these brush border membrane enzymes in the absence of insulin stimulation.
In concordance, administration of SB 203580, a specific inhibitor of p38 MAP kinase, failed to inhibit both the response of brush border membrane hydrolases to insulin and their natural expression in the absence of insulin stimulation. We conclude that the ontogenic expression of brush border membrane hydrolases and their premature stimulation by insulin are regulated at least in part by the activation of p44/p42 ERKs but not by p38 MAP kinase. The onset of weaning (d 14 -17) in the suckling rat is a critical period during which immature enterocytes exhibit elevated responsiveness to insulin (1) . At this time, plasma insulin levels rise markedly (2) , whereas milk-borne insulin is still active (3), allowing optimal interaction of the hormone with intestinal IR, which are located on both endoluminal and basolateral membranes of the cell (4) . After weaning, the 2-fold decrease in IR concentration is associated with a reduction in responsiveness of mature enterocytes to the hormone (1, 5) . Our recent studies (6, 7) suggest that the premature induction of SI is triggered by the binding of the hormone to the extracellular ␣-receptor subunit, allowing autophosphorylation of the tyrosine-kinase intrinsic to the juxtamembrane and cytoplasmic domains of the ␤-receptor subunit. Downstream transduction of the signal into the cell is assumed to occur by the activation of receptor substrates (IRS-1 and -2, and Shc) and tyrosine-phosphorylated proteins associating through SH 2 domain (8, 9) . The final step of the signal leads to the activation of the SI gene promoter with a dose-dependent accumulation of SI mRNA (6) , probably by the binding of a nuclear transcription factor [hepatocyte nuclear factor 1, (10, 11) ] to regulatory elements located upstream of the SI gene promoter (10, 11) . A recent study (12) has shown that the insulin signal that stimulates BBM hydrolases would be regulated by the cascade of MAP kinases and not by PI-3 kinase or protein kinase B. The MAP kinase cascade activation is mediated by a dualspecificity kinase, termed MKK, which in turn is activated upstream by Raf oncoproteins (9) . An interesting feature of MAP kinases is that they require dual phosphorylation on specific threonine and tyrosine residues for their activation. Raf proteins appear to be regulated by both the Ras family of oncoproteins (13) and by the recently described 14 -3-3 proteins (14) . Cellular activation of Ras is mediated by the guanine nucleotide exchange factor SOS, which, when associated in a complex with the adaptor protein Grb2, binds to the activated IR tyrosine kinase, to IRS-1, and to Shc (9) . All these postreceptor signaling molecules have been identified in the rat small intestine (3, 12) . On stimulation, p44/p42 MAP kinases translocate to the nucleus where they may phosphorylate nuclear transcription factors and thus regulate gene expression (15) . Whereas the mechanisms of MAP kinase activation are relatively well understood, the precise physiologic roles of these enzymes remain to be established. Using the intact live animal under conditions relevant to normal insulin responses, the objectives of our study were 1) to determine the ontogenic expression of p38, p42, and p44 MAP kinases in the rat small intestine and 2) to analyze which pathway of MAP kinases is involved in the regulation of the insulin signal.
METHODS

Reagents.
Phenylmethanesulfonic acid, DTT, HEPES sodium salt, SDS (highest purity grade), Triton X-100, leupeptin, pepstatin, aprotinin, EDTA, SB 203580, PD 098059, and myelin basic protein were purchased from Sigma Chemical Co. (Bornem, Belgium). Human recombinant insulin (Actrapid HM) was from Nordisk (Bagsvaerd, Denmark), and 125 Ilabeled protein A and molecular weight standard (CFA 626) were from Amersham Laboratories (Little Chalfont, U.K.). Polyvinylidene difluoride membranes were obtained from BioRad (Nazareth, Belgium), and protein A-Sepharose 4B was from Amersham Pharmacia Biotechnology (Roosendaal, The Netherlands).
Polyclonal antibodies recognizing COOH domains of p38 MAP kinase and ERK-1 and -2 were purchased from Transduction Laboratories (Cambridge, U.K.). To detect with high specificity p38 MAP kinase and p44/p42 ERKs in Western blot analysis, MAb were used. For p38 MAP kinase, an MAb (IgG2 isotype) recognizing the synthetic peptide containing 13 amino acids, HTDDEMTpGYpVATR, corresponding to the diphosphorylated form of p38 MAP kinase with the activation loop, was obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A.). The monoclonal anti-p38 MAP kinase reacts specifically with the active doubly phosphorylated form (Thr  180 -GlyTyr  182 ) on Thr  180 and Tyr  182 within the regulatory site of the active enzyme. The antibody does not recognize the nonphosphorylated and monophosphorylated forms of p38 MAP kinase, or the nonphosphorylated, monophosphorylated, and diphosphorylated forms of JUN kinase and ERKs. For ERK-1 and -2, we used an MAb (mouse IgG1 isotype) raised against a synthetic peptide containing 11 amino acids, HTGFLTpEYpVAT, corresponding to the diphosphorylated form of the ERK-activated loop. The antibody is specific for the active diphosphorylated form of ERK-1 and -2 (p44-kD and p42-kD, respectively). The epitope recognized by the antibody contains the phosphorylated threonine and tyrosine residues within the regulatory site of active ERK-1 and -2 (Thr 183 and Tyr 185 in ERK-2).
The antibody does not recognize the nonphosphorylated or the monophosphorylated forms of ERK-1 and -2 or the diphosphorylated forms of JUN kinase and p38 MAP kinase.
Animals. All procedures were approved by the University Ethical Committee for Animal Welfare (Fonds de la Recherche Scientifique Médicale, Université Catholique de Louvain, Brussels, Belgium). Litters of Wistar rats, acclimatized to standard conditions of room temperature, light-dark cycles, and feeding schedules, were used. To equalize nursing and feeding conditions, litters were reduced to six pups per lactating mother. During the nursing period, pups remained with the mothers in polystyrene cages and had free access to milk. They were weaned progressively onto a pelleted diet (AO3, UAR, Villemoisson-sur-Orge, France) beginning on d 15 postpartum. To identify the phosphorylated forms of MAP kinases and ERK-1 and -2, animals were injected under ether anesthesia after 2-3 h of fasting. The femoral vein was exposed after a small incision, and saline solution (0.9%) with (10 Ϫ6 M) or without insulin was slowly injected (1 mL/min).
After infusion (3 to 5 min), the animal was killed and the small intestine was excised rapidly, trimmed of fat and mesentery, and rinsed with ice-cold saline solution. After being opened longitudinally, the mucosa was scraped on ice between glass slides, weighed, and used for protein extraction or stored at Ϫ170°C in liquid nitrogen. To study ontogenic changes in p38 MAP kinase and p44/p42 ERK-1 and -2, animals were treated with insulin or with an equivalent amount of saline solution and killed at d 10, 20, 30, and 40 postpartum.
Treatment and schedules. To inhibit ERK-1 and -2, PD 098059, a specific inhibitor of MKK that phosphorylates specifically ERK-1 and -2, was injected i.p. to sucklings and weanling rats at the dose of 2 g/g body weight twice daily Assays." Control rats received the vehicle according to the same schedule. To determine whether p38 MAP kinase could be involved in the signal pathway by which insulin enhances BBM hydrolases, SB 203580, a specific inhibitor of p38 MAP kinase, was injected i.p. to sucklings and weanling rats at the dose of 0.5 g/g body weight twice daily. Control groups received insulin (5 mU·g body weight Ϫ1 ·d Ϫ1 ) or saline solution following the same schedule. In some experiments the inhibitors were injected 1 h before the injection of insulin.
Extraction of phosphotyrosine proteins. The method of Rothenberg et al. (16) was used with slight adaptations (12) . Briefly, samples of intestinal mucosa were homogenized for 1 min in a solubilization buffer (1:5 vol/vol) maintained at 100°C in a water bath (2 min) with an Ultraturax generator (Janke and Kunkel, Staugen, Germany) operated at maximum speed. The solubilization buffer was composed of 2% SDS, 100 mM HEPES (pH 7.8 at 22°C), 10 mM EDTA, 100 mM NaCl, and 50 mM DTT. The homogenate was heated further to boiling with stirring for 2 min and left to cool to 22°C.
After centrifugation for 2 h at 18°C in a Beckman (Analys Namur Belgium) type 35 rotor ultracentrifuge (149,000 ϫ g), the supernatant was acidified with 100% TCA, added slowly dropwise at 22°C to a final concentration of 10%. The mixture was then cooled at 4°C overnight. The precipitate was collected by centrifugation in a Sorvall RC-5B centrifuge (Analys) at 4°C for 10 min.
The precipitate was washed once with 25 vol of 10% TCA at 4°C, and the TCA was extracted by six washes, each with 25 vol of ethanol and diethyl ether (1:1 vol/vol) at 4°C. The precipitate was dried under vacuum (Speed Vac, Savant Thermalife, Brussels, Belgium) and pulverized to a fine powder. In this form, the extracted proteins can be stored for at least 1 y at Ϫ170°C without apparent degradation or significant loss of phosphorylated protein content.
Immunoprecipitation of ERK-1 and -2 and p38 MAP kinase. For immunoprecipitation, 0.05 g of dry tissue powder (Ϯ15 mg of proteins) was dissolved in 1 mL of 0.1 N NaOH with vigorous stirring at 22°C for 5 min. The resulting solution was then neutralized rapidly to pH 8 with 2 vol of 100 mM Tris-HCl and 1 mM EDTA with a cocktail of protease inhibitors including 0.2 mM phenylmethanesulfonic acid, 1 g/mL leupeptin, and 1 g/mL aprotinin. Polyclonal antibodies recognizing the COOH terminal sequences of p38 MAP kinase or of ERK-1 and -2 were coated on protein A-Sepharose 4B beads (2-4 g IgG/mL) by incubating the antibodies in 75 L of a 50% bead slurry/mL of immunoprecipitation buffer at 4°C for 12 h with gentle agitation. MAP kinases were then complexed with the antibodies by incubating the coated beads with the extracted proteins in immunoprecipitation buffer at 4°C for 4 h. Immune complexes were washed twice by resuspension and brief centrifugation in 1 mL of wash buffer containing 1% Triton X-100, 0.1% SDS, 100 mM NaCl, and 50 mM Tris, pH 7.3 at 22°C, and twice more in the same buffer lacking NaCl. After aspirating the excess wash buffer, the immunoprecipitated proteins were solubilized in 30 -50 L of Laemmli's buffer (17) and boiled at 100°C for 5 min before being layered onto gel slots.
Electrophoresis and immunoblotting.
Immunoprecipitated proteins were separated by SDS-PAGE in 10% polyacrylamide gels as described previously (4, 12) . Electrotransfer of proteins to polyvinylidene difluoride membranes was performed for 90 min at 50 V as described by Towbin et al. (18) . Nonspecific protein binding was reduced by preincubating the membranes overnight at 4°C in blocking buffer containing 5% BSA and 1% ovalbumin in TN buffer (10 mM Tris pH 7.2 and 0.9% NaCl). The membrane was then incubated with antibodies recognizing either the total amount or the active diphosphorylated form (Thr 180 -p-Gly Tyr 182 -p) of p38 MAP kinase and the total amount or the active diphosphorylated form (Thr 183 -pGlu Tyr 185 -p) of ERK-1 and -2 at a dilution of 1/200 to 1/10,000 in blocking buffer for 2 h at 22°C. Thereafter, the membrane was washed twice for 10 min each in TNT buffer (TN buffer with 0.1% Tween), twice for 10 min each in TN buffer containing 0.05% Nonidet P-40, and twice for 10 min in TNT buffer. The blots were then incubated with 50 Ci of 125 I-labeled protein A (Amersham) in 10 mL of blocking buffer for 1 h at 22°C and washed again as described above. Bound proteins were detected by autoradiography using 24 ϫ 30 cm Fuji films (St-Nicolas, Belgium) at Ϫ70°C for 24 -72 h as described previously (4, 12) . Equivalent amounts of proteins determined by the method of Lowry et al. (19) were immunoprecipitated, and equal amounts of immunoprecipitated material were layered onto gel slots. Band intensity was expressed in arbitrary OD units whereas relative abundance was expressed in arbitrary volume units (OD ϫ mm 2 ). Enzyme assays. To measure the intestinal activity of ERK-1 and -2, mucosal homogenates were prepared (1:3 vol/vol) in a buffer containing HEPES 50 mM, EDTA 1 mM, EGTA 1 mM, Na 3 VO 4 0.5 mM, NaF 20 mM, Na 4 PO 7 5 mM, and ␤-mercaptoethanol 0.1% with antiproteases (pH 7.5) from insulin-treated rats (d 10, 20, 30 postpartum) and controls (d 10, 20, 30, 40 postpartum) under nondenaturing conditions. Enzymes were immunoprecipitated with the corresponding specific antibodies bound to protein A-Sepharose 4B beads in the same buffer containing a cocktail of antiproteases. ERK-1 and -2 activities were determined by the phosphorylation of the myelin basic protein (phosphorylated on serine and threonine residues) used as substrate in the presence of [␥-
32 P]ATP-Mg (sp act Ͼ 5000 Ci/mM, Amersham). Blanks were handled exactly like samples, except that the immunoprecipitated enzyme was omitted from the reaction. The activities were linear for up to 20 min of incubation time (30°C) and were proportional to the amount of enzyme used in the reaction. ERK-1 and -2 activity was expressed as total activity (picomoles of substrate phosphorylated per minute per gram total intestinal mucosa) because the diphosphorylated forms of ERK-1 and -2 that were detected by Western blot at different ages were extracted from the whole intestinal mucosa. BBM were purified according to the method of Schmitz et al. (20) using calcium chloride for membrane precipitation. Sucrase, lactase, and maltase activities were assayed in intestinal mucosa or BBM samples by standard methods (21) . Total enzyme activities were expressed as micromoles of substrate hydrolyzed per minute per milligram of total BBM purified from the whole intestinal mucosa or per total intestinal mucosa.
Immunohistochemistry. Samples of duodenum and small intestine were fixed by immersion in buffered formaldehyde at 4% for 24 h and embedded in paraffin. Five-micrometer sections were dried for 16 h at 37°C. After paraffin removal, rehydration, and peroxidase inhibition, sections were successively incubated for 30 min with a normal goat serum (1/10; ICN Biomedicals, Cleveland, OH, U.S.A.) and overnight with either an anti-p38 polyclonal antibody (C-20, SC-535; Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) or an anti-ERK-2 polyclonal antibody (C-14, SC-154; Santa Cruz Biotechnology) diluted 1/200 in Tris-buffered saline (TBS, pH 7.4). After several washes with TBS buffer, the specific rabbit antibodies were detected by a biotinylated anti-rabbit antibody (1/500; Chemicon, Temecula, CA, U.S.A.), then with streptavidin-peroxidase conjugate (dilution: 1/1000; Boehringer Mannheim, Mannheim,Germany). Finally, the peroxidase activity was revealed for 10 min by immersion in a solution of DAB chromogen (3,3'-diaminobenzidine hydrochloride 0.05% wt/vol in TBS; Amersham, Cardiff, U.K.) supplemented with 0.02% hydrogen peroxide. After several washes, the slides were counterstained in Mayer's hematoxylin, dehydrated, and covered with a coverslip. Negative controls were obtained with the incubation of a TBS-normal goat serum 1% solution in place of the first polyclonal antibody (22) .
Calculations and statistics. All data are given as mean Ϯ SD. If not indicated, SD represents Ͻ10% of the mean. Differences between control and insulin-treated animals were tested for statistical significance (p Ͻ 0.05) using the nonparametric Mann-Whitney U test.
RESULTS
Ontogenic changes.
Because phosphorylated kinases are susceptible to rapid phosphatase-mediated dephosphorylation and proteolysis both in vivo (23) and during extraction procedures (24), we rapidly homogenized the intestinal mucosa from insulin-treated rats and control animals at 100°C in a buffer containing 2% SDS and 50 mM DTT. The final precipitate yielded from the whole mucosa of 40-d-old rats 0.1 Ϯ 0.06 g powder/g wet intestinal mucosa (n ϭ 30) and 0.57 Ϯ 0.09 g protein/g dry powder. For suckling rats, two mucosal scrapings from the total intestinal length (including the duodenum) were pooled and considered as one sample. We found no difference between the amount of proteins extracted from the intestinal mucosa of insulin-treated rats and control animals. Immunoprecipitations of p38 MAP kinase with an anti-p38 polyclonal antibody followed by detection in immunoblot of the diphosphorylated form of the enzyme (Thr-p-Gly-Tyr-p) revealed a signal that was present in both insulin-treated rats and control animals (at d 20, 30, and 40 postpartum; Fig. 1 ). For d 10, no signal was detected. Figure 2 presents the total expression of p38 MAP kinase at different ages. Therefore, immunoprecipitation of p38 MAP kinase with an anti-p38 polyclonal antibody was followed by the detection in immunoblot of the total immunoprecipitated p38 protein using the same polyclonal antibody. Figure 2 reveals a major signal of p38 (␣-isoform) and a weak signal corresponding to the ␤-isoform. The signal of ␣-p38 was present in both insulin-treated rats and control animals, whatever the age of the animals. Optical densitometric measurements of the relative abundance of the signals (derived from two separate experiments) indicated that the expression of p38 protein remained unchanged during growth, whereas the diphosphorylated p38 MAP kinase increased from d 10 to d 40 ( Table 1 ). The ratio of diphosphorylated to total immunoprecipitated p38 MAP kinase increased with age from 0 to 0.9. However, there was no difference between insulin-treated rats and control animals for both total immunoprecipitated and diphosphorylated p38 MAP kinase. This demonstrates that phosphorylation and activation of p38 MAP kinase is not regulated by insulin.
The detection in immunoblots of the diphosphorylated forms of ERK-1 and -2 with a specific MAb recognizing the sequence Thr-p-Glu-Tyr-p revealed two bands at 44 kD and 42 kD, respectively (Fig. 3) . In sucklings (d 10) no signal of the diphosphorylated enzymes could be detected, whereas in d 40) , the two signals were clearly detected in insulin-treated rats but were weak or virtually absent in control rats. Figure 4 shows the total expression of p44/p42 ERKs at different ages in insulin-treated rats and control animals. ERKs were detected in immunoblot with a polyclonal antibody recognizing nonphosphorylated, monophosphorylated, and diphosphorylated forms of p44/p42. ERKs were detected as an intense double signal present in both insulin-treated rats and control animals, whatever the age of the animals. Optical densitometric measurements of total immunoprecipitated and diphosphorylated forms of p44/p42 expressed as arbitrary units of abundance of the signals are detailed in Table 2 . Total immunoprecipitated p44 or p42 ERKs did not significantly change during growth in insulin-treated rats and control animals. However, the ratio of total immunoprecipitated to diphosphorylated p44 ERK-1 increased from 0 to 0.84 between d 10 and d 40 postpartum. Likewise, the same ratio for p42 ERK-2 increased from 0 to 0.37 between d 10 and d 40. Thus, active diphosphorylated p44/p42 ERKs appear to increase with age, although the total expression of p44/p42 proteins remains constant. The responsiveness of ERKs to insulin and the increasing expression of active p44/p42 ERKs in the small intestine during age were further confirmed by measuring changes in the total activity of the enzymes. As detailed in Table 3 , the total enzyme activity expressed as picomoles per minute and per total intestinal mucosa (including the duodenum) increased by 4-fold in control rats between d 10 and d 40 and was enhanced in each age group by 2-fold in response to insulin.
Immunohistochemistry revealed that the specific staining for ERK-1 and -2 (phosphorylated and nonphosphorylated) was mostly confined to the apical and basolateral membranes of villus cells (Fig. 5A) and to a lesser extent in crypt cells. Staining for p38 MAP kinase (phosphorylated and nonphosphorylated) was more abundant than for ERKs, with a maximal concentration in the duodenum (Fig. 5B ). By contrast with ERKs, p38 MAP kinase was detected almost exclusively in the nuclei of enterocytes.
Response of rat immature intestinal mucosa and BBM hydrolases to in vivo administration of inhibitors. ERK-1 and -2 are known to be critical enzymes regulating the mitogenic effects of insulin, cell proliferation, and differentiation. Therefore, PD 098059, a specific inhibitor of MAP kinase, was administered i.p. to sucklings (d 12 to d 14) at low doses (2 g/g body wt twice daily; median lethal dose, 200 g/g) for 48 h, either alone or 1 h before the administration of insulin (5 mU/g body wt). The results are detailed in Table 4 . Compared with saline-treated control animals, sucklings treated with PD 098059 had similar weight gain and intestinal length but lower mucosal mass expressed in milligrams per centimeter of gut length. The total BBM activities of sucrase, lactase, and maltase (per total intestine) were significantly decreased in the PD 098059-treated group compared with saline-treated control animals. BBM protein concentration was also significantly decreased in the PD 098059-treated group. Table 4 also compares the effects of the ERK inhibitor in insulin-treated rats (d 12 to d 14) . There was no difference between insulin-treated control animals and experimental rats receiving both PD 098059 and insulin regarding body weight gain and intestinal length.
Mucosal mass expressed per centimeter of gut length was significantly decreased in the group receiving PD 098059 and insulin. Total BBM activities of sucrase, lactase, and maltase were significantly decreased in the PD 098059 ϩ insulintreated group, by 1.61-fold, 1.80-fold, and 1.40-fold, respectively, compared with the insulin-treated control group. These data demonstrate that the administration of PD 098059, an irreversible inhibitor of ERKs, inhibited partially the premature stimulation of BBM hydrolases by insulin and inhibited in nonstimulated sucklings as well as in weanling rats the natural expression of these enzymes. To confirm the inhibitory effect of PD 098059 in vivo on ERK activity, the enzyme inhibitor was administered i.p. (2 g/g body wt twice daily) from d 20 to d 22 postpartum. Results are detailed in Table 5 . Both the specific and total activities of sucrase and of ERKs were decreased by 2.9-to 3.7-fold in the PD 098059-treated group compared with the control group receiving the vehicle.
By contrast, as shown in Table 6 , the administration of SB 203580, a specific inhibitor of p38 MAP kinase, when given to untreated suckling rats failed to depress mucosal mass, gut length, and the total activities of sucrase, lactase, or maltase compared with the values measured in the control group. Surprisingly, in rats treated with insulin, SB 203580 enhanced the premature induction of sucrase by 2.7-fold and the stimulation of maltase by 1.68-fold but did not affect lactase total activity.
DISCUSSION
The MAP kinase cascades are one of the most intensely studied groups of signal transduction molecules. These signaling pathways are present in all eukaryotes and have been implicated in many physiologic processes including cell growth, differentiation, oncogenic transformation, immune responses, and apoptosis (25) . MAP kinase cascades are organized by a core signaling module consisting of three levels of protein kinases: MAP kinase kinase kinase, MKK, and MAP kinase. The superfamily of MAP kinase includes the ERK-1 and -2 (also termed p44/p42 MAP kinase), JNK (also termed stress-activated protein kinase or SAPK1), and p38 MAP kinase (also termed SAPK2).
These are the terminal enzymes of three-to four-kinase cascades in which each kinase phosphorylates and thereby activates the next member of the sequence. The activated MAP kinase phosphorylates other protein kinases and transcription factors to achieve the desired response to extracellular stimulation. ERKs generally transmit signals of extracellular origin to the nucleus, leading to cell proliferation and differentiation, whereas p38 MAP kinase and JNK are both mostly responsive to stress, cytokines, and changes in extracellular osmolarity (26) and have been implicated in cell death and apoptosis in several cellular systems (27) .
Up to now, the ontogenic changes in ERKs of the rat intestinal tract have not been studied. Also, it remains unknown whether ERKs and p38 MAP kinase could regulate the ontogenic expression of BBM enzymes at weaning and transmit the signal of insulin, which enhances prematurely these intestinal enzymes. We have studied the role of p38 MAP kinase because changes in cell hydration induced by insulin are dependent on PI-3 kinase, which leads to the activation of p38 MAP kinase Figure 5 . A, staining of ERK-2 in the duodenojejunum of insulin-treated weanling rats (see "Methods"). ERK-2 was located in membranes of enterocytes covering the whole villus and with less intensity in crypt cells (magnification, ϫ2300). B, staining of p38 MAP kinase in the duodenojejunum of insulin-treated weanling rats. Abundant staining for p38 was detected in the nuclei of enterocytes (magnification, ϫ2100). Control sections using nonspecific antibody instead of the anti-ERK or anti-p38 antibody showed no staining at all. In addition, intensity of staining decreased proportionally with the dilution of the specific antibody. 
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shown by immunohistochemistry to be located in membranes of villus and crypt cells from which they transmit signals of extracellular origin to the nucleus (30) . A recent study (28) on the detection of p44/p42 ERKs by immunofluorescence on primary cultured human differentiated enterocytes has shown that p44/p42 ERKs were detected mainly in villus and crypt cell membranes with an increasing crypt to villi gradient of intensity (31) . The same findings are shown in Figure 5A . By contrast with ERKs, p38 MAP kinase was unresponsive to insulin since at different ages, there was no difference in the autoradiographic detection of the total and diphosphorylated forms of p38 MAP kinase between insulin-treated rats and control animals. The detection by autoradiography of diphosphorylated p38 MAP kinase revealed a progressive increase in phosphorylation with age although the total expression of p38 protein remained unchanged during growth. Immunohistochemistry showed that p38 MAP kinase was confined to the nuclei of enterocytes and was more abundant in the proximal duodenojejunum than in the distal ileum (not shown). In unstimulated cells, p38 MAP kinase associates with its substrate MAPKAP kinase (32) . Stress stimuli induce phosphorylation of MAPKAP kinase-2 by p38 MAP kinase and the expulsion (nuclear export signal) of the complex from the nucleus (32) .
Several studies conducted in vivo and in vitro (1, (5) (6) (7) 33 ) have demonstrated that exogenous insulin is able to induce prematurely (before weaning) sucrase activity, sucrase protein, and sucrase mRNA levels. Likewise, in suckling and weaning rats, exogenous insulin stimulates the ontogenic expression of lactase and maltase with enzyme responses proportional to the dose of insulin given (6) . These effects are mediated by the binding of the hormone to the extramembranous ␣-subunits of the insulin receptor and by the autophosphorylation of the tyrosine kinase domain of the receptor (4, 7, 12) . In a preliminary study (12) , we have shown that the postreceptor pathway transducing the signal downstream is not mediated by PI-3 kinase but likely by the cascade of Raf-Ras-GAP (GTPaseactivating protein) phosphorylations leading to the activation of ERKs. The detection of p44 and p42 ERKs in the rat small intestine and the stimulation of their activity by insulin prompted us to inhibit their activation, especially because these key enzymes down-regulate the mitogenic effects of insulin to the nucleus in a homodimerization form (ERK-ERK) where they activate transcription factors (30) .
PD 098059 is a specific inhibitor of MKK that in turn activates p44 and p42 ERKs by phosphorylation of Thr 183 and Tyr 185 . The administration to suckling pups and to weanling rats of low doses of PD 098059 clearly inhibited mucosal mass and the expression of BBM hydrolases. In addition, PD 098059 inhibited the premature stimulation of these enzymes by insulin compared with insulin-treated control animals. Administration in vivo of PD 098059 to weanling rats inhibited both sucrase and ERKs activities by three times. Our results obtained in vivo are in agreement with the in vitro data published by Aliaga et al. (31) . These authors analyzed the effects of PD 098059, the inhibitor of MKK, on SI expression in primary cultures of human differentiated enterocytes, prepared with specimens of small intestines of fetuses ranging from 18 to 20 wk of age and cultured during 5 to 7 d. Treatment of these differentiated cells with 2 and 10 M PD 098059 significantly and dose dependently decreased the expression of SI by 22 and 55%, respectively, with a significant reduction of both p42 and p44 ERK activities. Treatment with 20 M PD 098059 was shown to significantly reduce the activity of lactase. Moreover, higher concentrations of PD 098059 were able to completely inhibit p42 ERK activity, SI expression, and lactase activity (31) . Furthermore, insulin-induced differentiation of 3T3-L1 cells is blocked by ERK antisense oligonucleotides (34) .
To analyze the potential role of p38 MAP kinase in the regulation of BBM enzymes, SB 203580, a specific inhibitor of p38 MAP kinase, was given at low doses in suckling rats. In rats treated with the inhibitor, mucosal mass and BBM hydrolases activities remained unchanged compared with saline-treated control animals. Surprisingly, in rats treated with SB 203580 and insulin, the inhibitor potentiated the effect of insulin by increasing both sucrase and maltase total activities but not lactase total activity. Also, SB 203580 had no effect on mucosal mass expressed by centimeter of gut length. Although several studies (6, 10, 11, 35, 36) have documented that the regulation of the genes of SI and of maltase and their responsiveness to insulin differs from that of lactase, the effect of SB 203580 remains unexplained. It is possible that the inhibition of p38 MAP kinase determines an antiapoptotic effect upgrading cell differentiation and the responsiveness of sucrase and maltase to insulin.
Taken together, our results suggest that the ontogenic expression of BBM hydrolases and their premature stimulation by insulin are regulated, at least in part, by the activation of p44 and p42 ERKs but not by p38 MAP kinase. Further studies are warranted to clarify by which nuclear transcription factor(s) p44 and p42 ERKs initiate the transcription of SI, maltase, and lactase mRNA.
